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Biomechanics Differ for Individuals With Similar Self-Reported
Characteristics of Patellofemoral Pain During a High-Demand
Multiplanar Movement Task
Matthew K. Seeley, Seong Jun Son, Hyunsoo Kim, and J. Ty Hopkins
Context: Patellofemoral pain (PFP) is often categorized by researchers and clinicians using subjective self-reported PFP characteristics; however, this practice might mask important differences in movement biomechanics between PFP patients. Objective: To
determine whether biomechanical differences exist during a high-demand multiplanar movement task for PFP patients with similar
self-reported PFP characteristics but different quadriceps activation levels. Design: Cross-sectional design. Setting: Biomechanics
laboratory. Participants: A total of 15 quadriceps deﬁcient and 15 quadriceps functional (QF) PFP patients with similar self-reported
PFP characteristics. Intervention: In total, 5 trials of a high-demand multiplanar land, cut, and jump movement task were performed.
Main Outcome Measures: Biomechanics were compared at each percentile of the ground contact phase of the movement task
(α = .05) between the quadriceps deﬁcient and QF groups. Biomechanical variables included (1) whole-body center of mass, trunk,
hip, knee, and ankle kinematics; (2) hip, knee, and ankle kinetics; and (3) ground reaction forces. Results: The QF patients exhibited
increased ground reaction force, joint torque, and movement, relative to the quadriceps deﬁcient patients. The QF patients exhibited:
(1) up to 90, 60, and 35 N more vertical, posterior, and medial ground reaction force at various times of the ground contact phase; (2) up
to 4° more knee ﬂexion during ground contact and up to 4° more plantarﬂexion and hip extension during the latter parts of ground
contact; and (3) up to 26, 21, and 48 N·m more plantarﬂexion, knee extension, and hip extension torque, respectively, at various times
of ground contact. Conclusions: PFP patients with similar self-reported PFP characteristics exhibit different movement biomechanics,
and these differences depend upon quadriceps activation levels. These differences are important because movement biomechanics
affect injury risk and athletic performance. In addition, these biomechanical differences indicate that different therapeutic interventions
may be needed for PFP patients with similar self-reported PFP characteristics.
Keywords: electromyography, joint kinetics, joint kinematics, ground reaction force, functional data analysis, hip, knee, ankle,
central activation ratio, quadriceps
Chronic knee pain often impairs physically active individuals,1
and patellofemoral pain (PFP) is a common source of chronic knee
pain.2 PFP often exists for long durations, involves high recurrence
rates, restricts physical activity, and is linked to patellofemoral
osteoarthritis.3–5 Multiple PFP etiologies likely exist, including
altered lower-extremity muscle activation patterns and corresponding movement biomechanics. Speciﬁcally, altered quadriceps activation patterns are thought to contribute to PFP, and although not
fully understood, quadriceps weakness is hypothesized to be a PFP
risk factor.6 PFP patients exhibit increased quadriceps activation
during common movements,7–9 and altered activation timing and
amplitude between the vastus lateralis and medialis have long been
hypothesized to contribute to PFP.10
Because the quadriceps muscles act directly on the pelvis, femur,
and tibia, it is not surprising that PFP is known to alter trunk, hip,
knee, and ankle joint biomechanics, and ground reaction force (GRF).
Increased lateral trunk lean has been observed for PFP patients during
a downward stepping task,11 and trunk motion inﬂuences lowerextremity biomechanics for PFP patients.12 Relative to healthy
controls, PFP patients exhibit decreased hip ﬂexion during jump
landings.13 Conversely, similar sagittal-plane hip kinematics during
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jump landings have been reported for individuals with and without
PFP.14 Decreased knee-ﬂexion angle and vertical GRF during jump
landings have been identiﬁed as PFP risk factors14,15; however,
increased vertical GRF with decreased knee-ﬂexion excursion during
jump landings have also been linked to PFP.13 These examples of
altered biomechanics for PFP patients demonstrate that (1) movement
biomechanics for all major lower-extremity segments and the trunk
can be altered by PFP and (2) inconsistent biomechanical differences
due to PFP are documented in the scientiﬁc literature.13–15
Subjective self-reported measures are often used to classify
PFP, including the visual analog pain scale (VAS) and Kujala
Anterior Knee Pain Scale (AKPS).16,17 These self-reported measures have been used to classify certain characteristics of PFP,
including pain level, during various physical activities including
stair descent and ascent, squatting, kneeling, running, jumping, and
landing.13,18–21 The subjective nature of self-reported PFP characteristics, including the inherently subjective nature of pain (the
cornerstone criteria for PFP), might contribute to the previously
mentioned inconsistencies in some of the PFP literature.
Altered movement biomechanics are known to exist between
PFP patients with similar pain levels, but different quadriceps
activation levels, during a low-demand uniplanar movement task
(walking).22 It is unknown, however, whether movement biomechanics differ between PFP patients dichotomized by differing
quadriceps activation levels during a high-demand multiplanar
movement task. In addition, a lack of knowledge exists generally
concerning PFP movement biomechanics during high-demand
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multiplanar movement. The purpose of this study was to compare
movement biomechanics for the trunk and entire lower-extremity
between 2 groups of PFP patients during a high-demand multiplanar landing, cutting, and jumping movement task. These 2
groups of PFP patients had similar self-reported measures of PFP,
but different levels of functional quadriceps activation, objectively
quantiﬁed via the superimposed burst technique and resulting central
activation ratio (CAR). We hypothesized that the 2 groups of PFP
patients would exhibit different biomechanics during a landing,
cutting, and jumping movement task, despite the similar self-reported
PFP measures. More speciﬁcally, we hypothesized that the PFP
patients with greater quadriceps activation would exhibit movement
biomechanics expected with increased quadriceps activation, including increased knee-ﬂexion angles, internal knee extension moments,
and vertical GRFs. Conﬁrmation of this hypothesis would demonstrate the importance of precisely classifying PFP patients using
objective measures in addition to often used self-reported measures
in research and clinical settings. Findings from this study can inform
researchers and clinicians by elucidating potential variance in PFP; for
example, researchers attempting to reduce, or simply study, variance
in a heterogeneous PFP patients or clinicians considering different
therapeutic interventions for PFP patients based upon varying levels
of quadriceps activation. This study was part of a larger study
designed to test effects of speciﬁc therapeutic interventions on PFP;
after observing that exactly half of the PFP research participants in the
larger study exhibited a CAR ≥0.95, we conducted this analysis.

Materials and Methods
Participants
A total of 30 PFP patients participated in this study. PFP was
categorized using the VAS, AKPS, Tampa Scale of Kinesiophobia
(TSK), and Tegner Activity Level Scale (TALS), and scores for
each of these metrics, for each subject, are presented in the
Appendix. The participants were separated into 2 groups of 15
participants, based upon their measured CAR. Participants exhibiting a CAR <0.95 were assigned to the quadriceps deﬁcit (QD)
group (5 females and 10 males; age = 23 [3] y, mass = 70 [10] kg,
height = 174 [8] cm, CAR = 0.91 [0.03]), while participants exhibiting a CAR ≥0.95 were assigned to the quadriceps functional
(QF) group (9 females and 6 males; age = 22 [2] y, mass = 75
[17] kg, height = 176 [10] cm, CAR = 0.97 [0.01]).23,24 Although
this threshold CAR value (0.95) is somewhat arbitrary, the value
has been considered to represent full muscle activation23,25 and
used in previous similar research.22 Participants met the following
inclusion criteria at the time of data collection: (1) participation in
sport-related physical activity for at least 30 minutes per day at least
3 days per week; (2) chronic anterior knee pain (at least 3 out of 10
on a VAS26) for at least 4 weeks prior to data collection during stair
descent and at least 2 other physical activities including stair ascent,
squatting, kneeling, prolonged sitting, running, or jumping22 ; (3) at
least 90 out of 100 for the AKPS; (4) at least 30 out of 68 on the
TSK; and (5) at least 5 out of 10 on the TALS.22 In addition,
participants were required to be experiencing PFP during data
collection, quantiﬁed via VAS (at least 3 out of 1026) immediately
before data collection, so that painful movement was represented
during data collection. Potential participants were excluded if
they reported previous lower-extremity surgery, traumatic patellar
dislocation or instability, neurological disorder, meniscal or other
intraarticular injury, patella tendinopathy, iliotibial band syndrome,
evidence of knee joint effusion, or history of chronic back pain 6
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or fewer months before data collection. Potential participants were
also excluded if they could not complete the required maximal
voluntary isometric contraction (MVIC) trials or the land, cut, and
jump movement task due to concurrent PFP. Prior to allocation to the
QF or QD group, the MVIC and CAR measures were recorded, and 2
female participants dropped out of the study— one due to discomfort
during the MVIC and the other due to discomfort associated with the
superimposed burst. In total, 8 of the included participants reported
bilateral PFP: 4 female participants reporting bilateral PFP were in
the QF group and 4 male participants were in the QD group. For
participants reporting bilateral PFP, the most painful leg was considered to be the involved leg. Participants provided informed consent
before data collection, and all procedures were approved by the
appropriate Brigham Young University Institutional Review Board.

Quadriceps CAR
The CAR is a ratio of maximal knee extension torque during
MVIC, without and with external supramaximal input to the
quadriceps muscle. The CAR is thought to be useful in detecting
decreased quadriceps activity due to various musculoskeletal impairments, including PFP.22,27 Although the CAR has been previously described,22 we brieﬂy describe the present methods related
to the superimposed burst technique and resulting CAR herein.
After prepping the skin, two 7- × 12.7-cm electrodes (Dura-Stick II;
Chattanooga, Hixson, TN) were applied over the distal vastus
medialis and proximal vastus lateralis. Participants sat upright in a
dynamometer (100 Hz; Biodex, Shirley, NY) with 90° and 85° of
knee and hip ﬂexion, respectively, conﬁrmed via a traditional
goniometer (Fabrication Enterprises Inc, White Plains, NY). After
a warm-up, participants performed a knee extension MVIC. As
soon as knee extension torque plateaued, a supramaximal electrical
burst was manually applied by a researcher (100 pps, 600 μs, 10
trains in 100-ms duration, and 125 V, with peak output current
450 mA, Grass-Telefactor; AstroNova, Inc, West Warwick, RI).
This MVIC and supramaximal burst were repeated 4 times with 30
seconds between. Verbal encouragement from the researchers and
visual feedback concerning the produced torque was given to
participants during the MVICs. The 2 trials resulting in the greatest
knee extension torque were averaged, and the CAR was calculated
using the following equation:
CAR
=

MVIC knee extension torque
:
MVIC knee extension torque þ Supramaximal burst torque

Landing, Cutting, and Jumping Task Data
Collection
Next, to measure movement biomechanics, single reﬂective markers and reﬂective marker clusters were applied to anatomical
landmarks in a previously described arrangement.28 Participants
were then required to perform 10 trials of a previously described
landing, cutting, and jumping movement task.29 The initial 5 trials
were performed to familiarize participants to the movement task
and to determine maximum jump height, quantiﬁed as the average
maximum height of a pelvis marker during the jump prior to the
observed land and cut. The ﬁnal 5 trials were performed and used
for the biomechanical analyses. Although this landing, cutting, and
jumping task was previously described,30 we brieﬂy describe it
herein. Participants were required to jump upward and forward off
2 legs and then land on the center of a force platform (1200 Hz;
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AMTI, Watertown, MA) on only the involved leg. The height of
the initial jump was required to be ±5% of the average maximum
jump height of the ﬁrst 5 trials. The horizontal distance of the initial
jump was standardized to half of the participant’s body height.
After landing on the center of the force platform, participants were
required to jump as quickly as possible, laterally, in the direction of
the uninvolved leg and then land on the uninvolved leg on a target
that was ﬂush to the ground. This target was a standardized distance
of 65% of the participant’s height away from the center of the force
platform. The ground contact phase for each trial was the time that
the involved foot contacted the force platform; this phase will be
referred to simply as ground contact hereafter. In this context, we
generally considered the ﬁrst and second halves of ground contact
to represent landing and jumping, respectively.

Data Reduction
Spatial positions for the previously mentioned reﬂective markers
were determined using 10 high-speed video cameras (240 Hz;
Vicon, Centennial, CO). Reﬂective marker position data were
ﬁltered using a recursive low-pass Butterworth digital ﬁlter, with
a cutoff frequency set at 10 Hz, which was determined via residual
analyses of the marker trajectory data.31 Next, the ﬁltered position
data were imported into Visual 3D software (C-Motion, Germantown, MD), where a previously described kinematic model28 was
applied to quantify 3D ankle, knee, and hip joint angles. Whole-body
center of mass (COM) positions were calculated using segmental
position data and published anthropometric data.32 Synchronized
joint kinematic and GRF data (also ﬁltered at a cutoff frequency set
at 10 Hz33) were used to estimate 3D net internal ankle, knee, and hip
joint torques, using Visual 3D software (C-Motion), the previously
mentioned anthropometric data,32 and a standard inverse dynamics
approach. Biomechanical variables of interest included 3D GRF;
whole-body COM position; sagittal- and frontal-plane trunk angles;
and sagittal-plane hip, knee, and ankle joint angles and net joint
internal torques. These biomechanical variables were compared
statistically throughout ground contact.

Statistical Analysis
A previously described functional approach was used to compare the
biomechanical variables of interest between the QD and QF groups
throughout ground contact.34 This approach resulted in a mean
difference function for each biomechanical variable; that is, a
function, over time, representing the mean between-group difference
for each biomechanical variable at each percentile of ground contact
with a corresponding conﬁdence interval at each percentile of ground
contact.22,35 Whenever a conﬁdence interval did not overlap 0,
signiﬁcant between-group differences were presumed to exist at
that point in time (percentile). In addition, independent t tests were
performed to compare mean group demographics (age, height, and
mass); self-reported PFP measures (VAS, AKPS, TSK, and TALS);
CAR; and maximum jump height. All statistical tests were computed
using R software (version 2.15.1) and involved an alpha of .05.

Results
Maximum Jump Height, CAR, and Self-Reported
Measures of PFP
Mean maximum jump height was not signiﬁcantly different
between the QD (37.8 [7.8] cm) and QF (38.9 [12.3] cm) groups

(P = .51). CAR was signiﬁcantly (P < .01) greater for the QF group
(0.97 [0.01]) relative to the QD group (0.91 [0.03]). No signiﬁcant
between-group differences existed for participant age (P = .46),
height (P = .55), or mass (P = .40). The QD and QF groups were not
signiﬁcantly different for VAS immediately before testing (P = .87;
QD = 3.87 [1.3] cm; QF = 3.93 [0.7] cm), AKPS (P = .20; QD =
82.9 [6.6]; QF = 79.3 [7.9]), TSK (P = .60; QD = 37.9 [4.7];
QF = 36.9 [5.2]), TALS (P = .29; QD = 6.3 [1.2]; QF = 6.8 ±
1.4), and MVIC strength (P = .19; QD = 2.75 [0.53] N·m/kg;
QF = 3.06 [0.73] N·m/kg).

GRF and COM Position
Signiﬁcant between-group differences were observed for each GRF
component (Figure 1). Vertical GRF was as much as 90 N greater
for the QF group, between 83% and 93% of ground contact
(Figure 1A and 1D). Posteriorly directed GRF was as much as
60 N greater for the QF group, between 11% and 21% of ground
contact (Figure 1B and 1E). Medially directed GRF was as much as
35 N greater for the QF group, between 85% and 95% of ground
contact (Figure 1C and 1F). Signiﬁcant between-group differences
also existed for whole-body COM position in each plane of motion
(Figure 2). The QF group exhibited COM positions that were more
medial between 1% and 8%, and 50% and 100% (up to 33 cm more
medial) of ground contact; however, COM position was up to 4 cm
more lateral between 25% and 27% of ground contact for the QF
group (Figure 2A and 2D). The QF group exhibited COM positions
that were as much as 18 cm more posterior during the ﬁrst 14% of
ground contact (Figure 2B and 2E) and lower (as much as 9 cm)
between 17% and 85% of ground contact (Figure 2C and 2F).

Joint Kinematics
Signiﬁcant between-group differences existed for sagittal-plane ankle,
knee, and hip joint angle (Figure 3). The differences that lasted for the
greatest duration occurred about the knee joint, where the QF group
exhibited as much as 4° more knee ﬂexion, throughout most (15%–
85%) of ground contact (Figure 3B and 3E). Differences also existed
for ankle and hip joint angle; however, these differences were limited
to the ﬁnal 7% of ground contact: up to 4° more plantarﬂexion
(Figure 3A and 3D) and 4° more hip extension (Figure 3C and 3F) for
the QF group. In addition, the QF group exhibited signiﬁcantly more
sagittal- and frontal-plane trunk motion (Figure 4). The QF group
exhibited nearly 10° more sagittal-plane trunk ﬂexion during most of
ground contact (Figure 4A and 4C) and up to 2° more lateral trunk
ﬂexion between 9% and 23% of ground contact (Figure 4B and 4D) in
the direction of the uninvolved leg.

Joint Kinetics
Net ankle, knee, and hip sagittal-plane joint torque differed signiﬁcantly between the QF and QD groups at various parts of ground
contact (Figure 5). The QF group exhibited up to 26 Nm more net
plantarﬂexion torque between 11% and 28% of ground contact
(Figure 5A and 5D) and up to 13 N·m more plantarﬂexion torque
between 85% and 90% of ground contact. Net knee extension
torque was as much as 21 N·m greater for the QF group between
17% and 21% of ground contact, and up to 19 N·m greater, between
70% and 88% of ground contact (Figure 5B and 5E). Net hip
extension torque was greater for the QF group for nearly all of
ground contact: as much as 48 N·m greater between 3% and 16%
and between 20% and 81% (Figure 5C and 5F).
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Figure 1 — (A–C) mean vertical, anterior–posterior, and medial–lateral (GRF) over the ground contact phase of a land, cut, and jump movement task
for the QF and QD groups. Lines indicating group means, across time, are only included for the QF group to increase clarity. (D–F) Pairwise comparison
functions, and associated 95% CI, indicating corresponding mean differences between the QF and QD groups. These mean differences equal the QF mean
minus the QD mean at each percentile of the ground contact phase. Signiﬁcant between-group differences existed where the 95% CI do not overlap 0. CI
indicates conﬁdence interval; GRF, ground reaction force; QF, quadriceps functional; QD, quadriceps deﬁciency.

Figure 2 — (A–C) mean medial–lateral, anterior–posterior, and vertical COM position over the ground contact phase of a land, cut, and jump
movement task for the QF and QD groups. Lines indicating group means, across time, are only indicated for the QF group to increase clarity. (D–F)
Pairwise comparison functions, and associated 95% CI, indicating corresponding mean differences between the QF and QD groups. These mean
differences equal the QF mean minus the QD mean at each percentile of the ground contact phase. Signiﬁcant between-group differences existed where the
95% CI do not overlap 0. CI indicates conﬁdence interval; COM, center of mass; QF, quadriceps functional; QD, quadriceps deﬁciency.
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Figure 3 — (A–C) Mean sagittal-plane ankle, knee, and hip angle over the ground contact phase of a land, cut, and jump movement task for the QF and
QD groups. Lines indicating group means, across time, are only included for the QF group to increase clarity. (D–F) Pairwise comparison functions, and
associated 95% CI, indicating corresponding mean differences between the QF and QD groups. These mean differences equal the QF mean minus the QD
mean at each percentile of the ground contact phase. Signiﬁcant between-group differences existed where the 95% CI do not overlap 0. CI indicates
conﬁdence interval; QF, quadriceps functional; QD, quadriceps deﬁciency.

Figure 4 — (A–B) Mean sagittal- and frontal-plane trunk angle over the ground contact phase of a land, cut, and jump movement task for the QF and
QD groups. Lines indicating group means, across time, are only included for the QF group to increase clarity. (C–D) Pairwise comparison functions, and
associated 95% CI, indicating corresponding mean differences between the QF and QD groups. These mean differences equal the QF mean minus the QD
mean at each percentile of the ground contact phase. Signiﬁcant between-group differences existed where the 95% CI do not overlap 0. CI indicates
conﬁdence interval; QF, quadriceps functional; QD, quadriceps deﬁciency.
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Figure 5 — (A–C) Mean sagittal-plane ankle, knee, and hip net internal torque over the ground contact phase of a land, cut, and jump movement task
for the QF and QD groups. Lines indicating group means, across time, are only included for the QF group to increase clarity. (D–F) Pairwise comparison
functions, and associated 95% CI, indicating corresponding mean differences between the QF and QD groups. These mean differences equal the QF mean
minus the QD mean at each percentile of the ground contact phase. Signiﬁcant between-group differences existed where the 95% CI do not overlap 0. CI
indicates conﬁdence interval; QF, quadriceps functional; QD, quadriceps deﬁciency.

Discussion
The purpose of this study was to compare movement biomechanics
during a high-demand multiplanar movement task between 2
groups of PFP patients with similar self-reported PFP measures
but different quadriceps activation levels. We hypothesized that
biomechanical variables associated with increased quadriceps
activation (knee-ﬂexion angle, knee extension moment, and vertical GRF) would be greater for the group of PFP patients with
increased quadriceps activation (the QF group). The present results
supported this hypothesis. The QF group exhibited biomechanical
patterns reﬂecting a more dynamic completion of the movement
task: increased COM excursion, joint angular displacement and net
joint torque, and GRF. Speciﬁcally, the QF group exhibited greater
posterior GRF during early ground contact and greater vertical
and medial GRF later in ground contact (Figure 1). These GRF
differences, respectively, demonstrate an increased ability to slow a
forward moving COM during initial landing and then accelerate the
COM upward and laterally later during ground contact. The GRF
ﬁndings ﬁt with the COM position data. COM trajectory for the QF
group was more posterior during early ground contact (landing)
and more medial throughout the rest of ground contact (Figure 2).
The COM underwent greater vertical displacement throughout the
movement task (Figure 2C and 2F) for the QF group. During early
ground contact, the QF group exhibited more lateral trunk ﬂexion
in the direction of the target the participants were instructed to jump
toward and more forward trunk ﬂexion during early ground
contact. The QF group also increased plantarﬂexion and hip
extension during late ground contact (jumping) and knee ﬂexion
throughout ground contact (Figures 3 and 4). Furthermore, the QF
group produced more net internal plantarﬂexion and knee and hip
extension torque throughout the landing, cutting, and jumping task
(Figure 5). This is the ﬁrst study to document that PFP patients with

similar self-reported PFP characteristics (eg, VAS and AKPS)
exhibit different biomechanics during a high-demand multiplanar
movement task.
These ﬁndings are important because the 2 groups of PFP
patients differed in biomechanical characteristics known to inﬂuence injury risk for PFP and other lower-extremity musculoskeletal
injuries. Several of the observed kinematic variables have been
linked to altered patellofemoral joint stress, which is believed to
contribute to PFP.36 The increased trunk ﬂexion observed for the
QF group (Figure 4) is known to be associated with decreased
patellofemoral joint stress during running.37,38 The increased knee
ﬂexion observed in the QF group (Figure 3B and 3E) is associated
with increased patellofemoral contact area in a static weightbearing position39 and increased patellofemoral joint stress during
running.40 Corresponding increases in patellofemoral contact area
and stress have been previously observed simultaneously and are
presumably due to corresponding increases in knee extension
moment, which (1) has been associated with increased PFP and
(2) was presently observed (Figure 5B and 5E).41 In addition, in a
recent systematic review, decreased knee ﬂexion during jump
landings, relative to healthy controls, was identiﬁed as a PFP
risk factor.42 In addition to altering patellofemoral joint biomechanics, the decreased knee ﬂexion (Figure 3B and 3E) exhibited
by the QD group may result in increased load applied to the skeletal
system and other passive load bearing structures (eg, tendons and
ligaments) of the lower-extremity, rather than quadriceps musculature. Furthermore, decreased knee-ﬂexion excursion has been
observed for other impaired populations known to suffer from
quadriceps activation deﬁcits and decreased ranges of motion
(eg, anterior cruciate ligament reconstruction and knee osteoarthritis patients).43–45 The reduced sagittal-plane knee excursion presently demonstrated by the QD group indicate a more conservative
and rigid strategy with less range of motion and a COM more
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directly over the base of support (the involved foot), perhaps more
stability, but decreased ability to accelerate in a desired direction.
The QD group exhibited what appeared to be a quadriceps avoidance strategy represented by reduced knee-ﬂexion angle and
extension torque (Figures 3B, 3E, 5B, and 5E).
The present results indicate heterogeneity in quadriceps activation for PFP patients reporting similar PFP characteristics. This
heterogeneity relates interestingly to the idea of arthrogenic muscle
inhibition (AMI), which is deﬁned as an ongoing reﬂexive inhibition of musculature surrounding an injured joint,46 and could have
implications on PFP physical rehabilitation. AMI is thought to
be a protective mechanism that limits motion and/or force. AMI is
thought to result from afferent pain receptors and/or mechanoreceptors in and around the injured joint, as well as other potential
neurophysiological causes. This study, involving 2 different groups
of PFP patients dichotomized by high and low CAR, shows that not
all PFP patients suffer from AMI and that pain does not always
cause quadriceps inhibition for PFP patients. The research participants in both the QF and QD groups reported similar levels of
PFP pain but exhibited different levels of objectively measured
quadriceps activation. Perhaps variance in quadriceps activation
within PFP patients with similar self-reported PFP characteristics
and a lack of variance in PFP therapeutic approaches contribute to
poor therapeutic outcomes due to one therapeutic approach for
numerous patients with differing underlying impairments. Clinicians should consider the possibility that physically active individuals with similar self-reported PFP characteristics might have
different quadriceps activation levels, different corresponding
movement biomechanics, and require different therapeutic approaches. Clinicians should also consider therapeutic modalities
known to overcome effects of AMI for PFP patients with conﬁrmed
or suspected quadriceps inhibition. Therapeutic interventions, such
as transcutaneous electrical neural stimulation or cryotherapy, in
addition to traditional strength training, may improve quadriceps
activation for physically active individuals suffering from PFP and
impaired quadriceps activation.47 We concede that many clinicians
do not have access to technical instrumentation required to objectively measure the CAR; however, other measures can/should be
considered as potential surrogates. We recommend that researchers
explore relationships between the CAR and potential CAR surrogates for PFP patients. Potential surrogate measures that are
available to clinicians should be evaluated to make the objective
evaluation of functional quadriceps activation more feasible for
clinicians.
Although performance was not quantiﬁed in this study, some
of the observed biomechanical differences could be interpreted to
reﬂect potential for improved sport performance for the QF group,
relative to the QD group. For example, medial GRF toward the end
of ground contact, was substantially greater for the QF group: up to
35 N, or nearly 5% of mean body weight (Figure 1C and 1F). This
GRF difference would have directly assisted the QF participants in
cutting and jumping medially toward the designated target. Furthermore, whole-body COM position was more medial for the QF
group (Figure 2A and 2D), relative to the QD group, which could
have also assisted the QF subjects in successfully performing the
movement task. This between-group difference for medial-lateral
COM position (1) was partly due to increased lateral trunk ﬂexion
(Figure 4B and 4D) for the QF group, (2) was quite large (up to
33 cm), and (3) resulted in a COM for the QF subjects that was
closer to the designated target during the second half of ground
contact (Figure 2A and 2C). In addition, the decreased COM height
(Figure 2C and 2F) and increased knee ﬂexion (Figure 3B and 3E)

for the QF participants, throughout most of ground contact, could
reﬂect more potential strain energy stored in certain passive
structures of the involved lower-extremity; this idea ﬁts with the
observed increases for joint torque (Figure 5) and vertical GRF
(Figure 1A and 1D) for the QF group. Although the biomechanical
differences described in this paragraph could reﬂect increased
performance potential for the QF group, this idea should be further
tested via comparisons between a QF group and a healthy control group.
This study has some important limitations. The most important
limitation is probably the disparate numbers of male and female
participants in the QD (5 females and 10 males) and QF (9 females
and 6 males) groups. As mentioned previously, the present participants were part of a larger study (n = 30) designed to test effect(s)
of certain therapeutic interventions on PFP. In this larger study,
after observing that exactly half of the PFP participants exhibited a
CAR greater than or equal to 0.95, we determined to conduct
this analysis. There were no between-group differences for any of
the self-reported PFP characteristics or, importantly, MVIC knee
extension strength; however, movement biomechanics are known
to differ between sexes, and the difference in numbers of males and
females in the 2 present groups makes it difﬁcult to determine
whether the present differences are due to differences in quadriceps
activation or sex. The lack of a between-group difference for
MVIC knee extension strength, even though quadriceps activation
was signiﬁcantly different between groups, could have been due (at
least partly) to differences in the numbers of male and female
participants for the 2 groups. Future research is needed investigating more closely differences in CAR between females and males.
Another limitation to this study is the lack of a healthy control
group. Future research should compare biomechanical characteristics of the present land, cut, and jump movement task for QF
and QD participants to a healthy control group to better inform
clinicians concerning appropriate therapeutic objectives for PFP
rehabilitation. Another limitation is that perceived anterior knee
pain was only quantiﬁed once before data collection to determine
participant inclusion in the study. In hindsight, measures of
perceived anterior knee pain should have been collected at multiple
time points (eg, during the MVIC, and immediately before and
after the dynamic movement trials). This would have allowed
an investigation of the effects of pain on the observed movement
biomechanics. Finally, the superimposed burst technique and
resulting CAR is only one way to objectively quantify quadriceps
activation. Other methods might produce varying results. Similarly, there are other approaches that can be used to determine
self-reported PFP characteristics.

Conclusions
This study shows that the biomechanics of a high-demand multiplanar landing, cutting, and jumping movement task can vary
within a group of PFP patients reporting similar subjective
characteristics of PFP. These biomechanical differences appear
to depend, at least in part, upon quadriceps activation level.
Relative to PFP patients with decreased quadriceps activation,
PFP patients with greater quadriceps activation completed the
land, cut, and jump movement task in a way that involved greater
GRF; increased joint motion (trunk, hip, knee, and ankle); and
more net joint torque (hip, knee, and ankle). It is important to
consider these neuromechanical differences when studying and
treating PFP in competitive athletes and other physically active
individuals.
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Appendix: Scores for Each Subject in the Quadriceps Functional and Quadriceps Deﬁcit
Groups for Perceived Pain (Visual Analog Scale and Anterior Knee Pain Scale), Fear of
Movement (Tampa Scale of Kinesiophobia), and Physical Activity Level
(Tegner Activity Level Scale)

Group
Quadriceps
functional

Quadriceps deﬁcit

Subject

Visual analog
scale

Anterior Knee Pain
Scale

Tampa Scale for
Kinesiophobia

Tegner Activity Level
Scale

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

3
5
3
3
3
3
6
6
6
5
3
3
3
3
3
4
3
4
5
4
4
3
4
5
4
4
4
4
3
6

89
73
89
89
89
85
69
77
74
80
81
86
86
87
89
85
86
80
82
65
82
72
83
89
82
82
76
89
75
61

37
45
29
46
42
38
36
30
35
42
34
38
39
37
41
35
30
37
44
48
40
27
37
33
43
37
35
38
34
36

6
6
5
7
6
6
8
5
5
7
7
9
5
7
5
6
8
6
5
5
8
9
9
9
6
6
7
7
6
5
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